This paper is a first detailed report of natural hexagonal solid solutions along the join Fe 2 P-Ni 2 P. Transjordanite, Ni 2 P, a Ni-dominant counterpart of barringerite (a low-pressure polymorph of Fe 2 P), is a new mineral. It was discovered in the pyrometamorphic phosphide assemblages of the Hatrurim Formation (the Dead Sea area, Southern Levant) and was named for the occurrence on the Transjordan Plateau, West Jordan. Later on, the mineral was confirmed in the Cambria meteorite (iron ungrouped, fine octahedrite), and it likely occurs in CM2 carbonaceous chondrites (Mighei group). Under reflected light, transjordanite is white with a beige tint. It is non-pleochroic and weakly anisotropic. Reflectance values for four COM recommended wavelengths are [R max /R min , % (λ, nm)]: 45.1/44.2 (470), 49.9/48.5 (546), 52.1/50.3 (589), 54.3/52.1 (650). Transjordanite is hexagonal, space group P62m; unit-cell parameters for the holotype specimen, (Ni 1.72 Fe 0.27 ) 1.99 P 1.02 , are: a = 5.8897(3), c = 3.3547(2) Å, V = 100.78(1) Å 3 , Z = 3. D calc = 7.30 g/cm 3 . The crystal structure of holotype transjordanite was solved and refined to R 1 = 0.013 based on 190 independent observed [I > 2σ(I)] reflections. The crystal structure represents a framework composed of two types of infinite rods propagated along the c-axis: (1) edgesharing tetrahedra [M(1)P 4 ] and (2) edge-sharing [M(2)P 5 ] square pyramids. Determination of unit-cell parameters for 12 members of the Fe 2 P-Ni 2 P solid-solution series demonstrates that substitution of Ni for Fe in transjordanite and vice versa in barringerite does not obey Vegard's law, indicative of preferential incorporation of minor substituent into M(1) position. Terrestrial transjordanite may contain up to 3 wt% Mo, whereas meteoritic mineral bears up to 0.2 wt% S.
iNtroductioN
Phase relationships in the system Fe-Ni-P play a significant role in crystallization pathways of metal-rich celestial bodies whose fragments are delivered as the iron and stony-iron meteorites (Buchwald 1975; Goldstein et al. 2009 ). Iron-nickel phosphides are considered to be a reservoir for reduced phosphorus in deep planetary interiors (Dera et al. 2008; Minin et al. 2018; He et al. 2019 ) and a source of low-valent phosphorus in the prebiotic phosphorylation processes on early Earth (Pasek et al. 2017; Gibard et al. 2019) . Barringerite, (Fe,Ni) 2 P, was the second phosphide discovered in nature (Buseck 1969) , and is the next typical phosphide mineral following the schreibersitenickelphosphide series, Fe 3 P-Ni 3 P (Buchwald 1975; Britvin et al. 1999 ). Extraterrestrial barringerite was described from several meteorite groups, including pallasites (Buseck 1969; Zucchini et al. 2018) , irons (Anthony et al. 1995) , howardites (Nazarov et al. 1994; Gounelle et al. 2003 ) and carbonaceous chondrites (Mikouchi et al. 2006; Nazarov et al. 2009 ), and in Lunar basaltic-anorthositic breccia Yamato 793274 (Brandstätter et al. 1991) . The occurrence of barringerite on Earth is sometimes considered as a signature of extraterrestrial component (indication of impact event) (Drake et al. 2018) , though its finding in garnet peridotite (Yang et al. 2005) has an obvious terrestrial origin whereas barringerite from burned coal dumps was formed under anthropogenic influence (Bariand et al. 1977; Pierrot et al. 1977; Yao 2003) . Barringerite grains recovered from heavy placer concentrates (Eremenko et al. 1974; Chen et al. 1983 ) are of debatable (probably meteoritic) origin. Ni-dominant members of Ni 2 P-Fe 2 P series were reported from two Mighei-type (CM2) carbonaceous chondrites, Boriskino and Allan Hills 83100 (Nazarov et al. 2009 ).
It is noteworthy that the compound Fe 2 P may crystallize in two polymorphic modifications: the low-pressure (LP) hexagonal one having barringerite (LP-Fe 2 P) structure (Rundquist and Jellinek 1959) , and the high-pressure (HP, >8 GPa) orthorhombic polymorph that adopts the Co 2 Si structure type (Sénateur et al. 1976; Dera et al. 2008) . Synthetic Ni 2 P has a barringerite-type LP structure to at least 50 GPa (Dera et al. 2009 ). Natural highpressure (Fe,Ni) 2 P, allabogdanite, was discovered in a small iron meteorite Onello (Britvin et al. 2002) and was recently confirmed in two other irons belonging to the same Ni-rich ataxite group: Barbianello and Santa Catharina (Britvin et al. 2019b ). The discovery of allabogdanite raises a question of proper (either LP or HP) diagnostic of natural, in particular meteoritic, (Fe,Ni) 2 P minerals, as there is only one meteoritic barringerite (Buseck 1969 ) whose structural attribution was validated using X-ray diffraction.
Barringerite is the most abundant phosphide mineral among terrestrial phosphide associations recently reported in a pyrometamorphic suite of the Hatrurim Formation, in the vicinity of the Dead Sea (in Israel and West Jordan) (Britvin et al. 2015 (Britvin et al. , 2017b . During the ongoing research of those phosphide assemblages, we found that a complete series of solid solutions between barringerite-type polymorphs of Fe 2 P and Ni 2 P does exist in nature. The Ni-dominant member of the series, a new mineral, was named transjordanite, for the type locality on the Transjordan Plateau in West Jordan. Both the mineral and its name have been approved by the IMA Commission on New Minerals, Nomenclature and Classification (IMA 2013-106 (Britvin 2007) , an interesting association of Fe 2 P-Ni 2 P minerals was revealed in the Cambria iron meteorite (fine octahedrite). Recent re-examination showed that this assemblage contains Ni-dominant analog of barringerite and thus comprises the first confirmed extraterrestrial occurrence of transjordanite. While synthetic compounds along the join Fe 2 P-Ni 2 P are well studied owing to their promising magnetic properties (e.g., Zach et al. 2004; Balli et al. 2007 ), wear resistance (Sudagar et al. 2013) , and catalytic applications (Hitihami-Mudiyanselage et al. 2015; Wexler et al. 2016) , the majority of Fe 2 P-Ni 2 P minerals have no reported characterization results except some electron microprobe data. We herein provide a detailed report on naturally occurring transjordanite and its solid solutions with barringerite, in comparison with the reported data on their synthetic analogs.
occurreNce of traNSjordaNite
The Hatrurim Formation, otherwise known as the Mottled Zone, has attracted significant mineralogical interest during the past decades. This is the world's largest, geologically juvenile suite of pyrometamorphic rocks whose outcrops are scattered over the area ~30 000 km 2 across the territory of Israel, Palestinian Authority, and West Jordan. The description of geological setting and mineral assemblages of the Mottled Zone is given in a series of papers (Gross 1977; Burg et al. 1999; Vapnik et al. 2007; Geller et al. 2012; Novikov et al. 2013; Kolodny et al. 2014; Sokol et al. 2019) . Phosphide assemblages of the Mottled Zone represent super-reduced part of its mineralogy (Britvin et al. 2015) . The minerals related to barringerite-transjordanite series are the most abundant phosphides of the Mottled Zone, found both on Israel and Jordan shoulders of this formation. Transjordanite from Jordan, including the holotype specimen, comes from the small phosphorite quarry in West Jordan (31° 21′52″ N, 36° 10′55″ E) that crops out the so-called "paralavas" of the Daba-Siwaqa complex. Paralavas comprise Cretaceous-Tertiary sediments (chalks and marls) melted at the temperature beyond 1100 °C, yielding different types of remelted basic silicate rocks. Phosphides, including minerals of transjordanite-barringerite series, are commonly confined to the interstices between calcined, unmelted sediments and paralavas (Britvin et al. 2015) . In the Hatrurim Basin (located a few kilometers west of the southern subbasin of the Dead Sea, Israel), transjordanite was found in an unusual diopside microbreccia occurred in the midstream of the Nahal Halamish (Halamish wadi).
Cambria is a 16 kg iron meteorite found in 1818 nearby Lockport, Niagara County, New York, U.S.A., 43° 12′ N, 78° 49′ W. It belongs to a group of fine octahedrites (10.4 wt% Ni) and is chemically classified as an ungrouped (anomalous) iron. A detailed description of the meteorite along with a review of early references is given by Buchwald (1975) , who emphasizes that Cambria is a unique iron that apparently underwent a violent (perhaps shock-induced) event during its escape from the parent body. A characteristic feature of Cambria is its enrichment in troilite, whose millimeter-to centimeter-sized nodules constitute up to 8% of a surface of meteorite slices (Buchwald 1975) . At the interface with encasing "kamacite" (Ni-rich variety of α-iron), troilite nodules are encrusted with millimeter-thick rims of brecciated schreibersite. A few millimeter-sized chips of troilite-phosphide assemblages were extracted for the study from the Cambria specimen M9/1 stored in the Mining Museum, St. Petersburg Mining Institute (Britvin 2007) .
appearaNce aNd MiNeral aSSociatioNS
Terrestrial transjordanite from the Hatrurim Formation appears as irregular grains reaching 0.2 mm in size that are disseminated in a matrix of altered diopside microbreccia (Fig. 1) . The mineral is frequently corroded and replaced by the rims of polycrystalline murashkoite, FeP (Britvin et al. 2019c) (Figs. 1a and 1b) . Associated phosphides may also include zuktamrurite, FeP 2 , negevite, NiP 2 , and halamishite, Ni 5 P 4 (Britvin et al. 2015 (Britvin et al. , 2019a , while sulfides comprise pyrrhotite (Figs. 2a and 2b) and troilite. Other associated minerals are represented by hematite, magnetite, Cu-bearing trevorite, merrillite-like phosphate, and an intimate mixture of undefined phosphates and hydrous silicates ( Fig. 1 Table S1 ).
Mineral association of meteoritic transjordanite is completely different from that of terrestrial one. The examined sections of the Cambria meteorite are composed of recrystallized microgranular troilite (10-20 μm grain size) stuffed with fragments of finely brecciated schreibersite ( Fig. 2a ). Schreibersite grains are cleaved by numerous shear fractures that are infilled with troilite. Both minerals show no signs of alteration along their interfaces, except partial replacement of troilite by supergene Fe-oxides. However, the smaller (less than 100 μm) schreibersite fragments dispersed in troilite are frequently encrusted with 5-10 μm-thick, onion-like rims composed of submicrocrystalline transjordanite-barringerite aggregate ( Figs. 2b and 2c) where the grain size could not be resolved using scanning electron microscope (SEM) (apparently less than 0.5 μm). It is noteworthy that the overall microstructure of phosphide-troilite assemblages found in the Cambria octahedrite almost entirely replicates that of schreibersite-barringerite-troilite interfaces described in the Ollague pallasite-the type meteorite where barringerite was discovered as a new mineral (Buseck 1969) . Because Cambria and Ollague belong to different meteorite groups, the obvious similarity of their phosphide-troilite assemblages might provide some insights into post-formation thermal history of these meteorites, which will be discussed later.
aNalytical MethodS
Examination of the minerals under reflected light was carried out in rock sections embedded into epoxy resin and polished using conventional preparation techniques. Reflectance values were measured by means of a MSF-21 spectrophotometer (LOMO Company, St. Petersburg) using WTiC as the reflectance standard, and a monochromator slit of 0.4 mm with a beam diameter of 0.1 mm. The Vicker's hardness was measured with PMT-3 microhardness tester (LOMO) under 20 g load. Compositional screening and elemental mapping by energydispersive X-ray (EDX) analysis were performed on carbon-coated sections using an Oxford Instruments AzTec Energy X-Max 20 spectrometer attached to a Hitachi S-3400N SEM operated at 20 kV accelerating voltage and 1 nA beam current. Electron microprobe data for selected grains (Tables 1 and 2) were obtained by means of an INCA WAVE 500 wavelength-dispersive (WDX) spectrometer attached to the same SEM under 20 kV accelerating voltage and 15 nA beam current, 2 μm beam size, 20 s peak counting time, and 10 s background counting time. The following standards were used: GaP (PKα), pyrite (FeKα, SKα), metallic Cr (CrKα), Co (CoKα), Ni (NiKα), and Mo (MoLα). Phosphide grains selected for X-ray diffraction were hand-picked from the polished sections. Powder X-ray diffraction (PXRD) was carried out using a Rigaku RAXIS Rapid II diffractometer equipped with a curved (semi-cylindrical) imaging plate (Debye-Scherrer geometry, r = 127.4 mm) and CoKα-radiation source (rotating anode, 40 kV, 15 mA), with Rigaku VariMax microfocus mirror optics. To achieve a better measurement accuracy, the imaging plate was calibrated against a NIST Si 640e standard. PXRD data aimed at the determination of unit-cell parameters were acquired from undestroyed phosphide grains using a Gandolfi technique implemented with the Rigaku diffractometer. PXRD patterns of the holotype specimen and the mineral from the Cambria meteorite (Supplemental 1 Table S2 ) were obtained on powdered micro-spherical samples. Imaging plate-to-profile data conversion was performed using osc2xrd software (Britvin et al. 2017a ). Unit-cell refinements were carried out by Pawley full pattern decomposition (Pawley 1981) implemented in a Bruker Topas v.5.0 software (Bruker 2014) . The uncertainties of the determined parameters were estimated by comparison of several testing duplicate data sets and were found to be ±0.0002 Å for a parameter and ±0.0001 Å for c parameter. Calculation of PXRD pattern for a holotype transjordanite (Supplemental 1 Table S2 ) was performed by means of a Stoe WinXPOW v.2.08 software (Stoe 2003) , taking atomic coordinates determined by the structure refinement from a single crystal and unit-cell parameters refined from PXRD data. Single-crystal X-ray data collection for the holotype crystal of transjordanite was carried out with a Bruker Kappa APEX DUO diffractometer equipped with a microfocus MoKα-radiation source. A hemisphere of reciprocal space was collected using φ-and ω-scans at a frame width of 1°. Data collection and integration procedures (Table 3) were completed with Bruker APEX2 and SAINT software (Bruker 2003) . The crystal structure was solved by a dual space method and refined to R 1 = 0.013 using a SHELX-2014 software (Sheldrick 2015) incorporated into Olex2 program environment (Dolomanov et al. 2009 ). Full structural data on the holotype transjordanite can be retrieved from the Crystallographic Information File (CIF) deposited in the Supplemental Data 1 . Figure 1d . c The holotype specimen. 
phySical propertieS
Terrestrial transjordanite from the Hatrurim Formation possesses grayish-white color under binocular and has a bright metallic luster. Transjordanite-barringerite aggregates from the Cambria meteorite exhibit gray color. In the powdery state, the mineral is gray. Under reflected light, transjordanite is white with beige tint. It is weakly bireflectant (ΔR = 1.8% at 589 nm), non-pleochroic and weakly anisotropic. Reflectance values for the holotype specimen (analysis T03 in Table 1 ) are given in Supplemental 1 Table S3 . Microhardness measured for a grain from the Hatrurim Basin (analysis H04 in Table 1 ) is 658 kg/mm 2 (average of 3 indentations). Transjordanite containing up to ~95 mol% Ni 2 P is brittle. However, upon further approaching the Ni 2 P end-member ( Figs. 1c and 1d; Table 1 ), the mineral becomes ductile. The ductility of synthetic Ni 2 P end-member was described by Rundqvist (1962) .
The densities calculated for nine Mo-free members of barringerite-transjordanite series exhibit quasi-linear dependence on Fe/Ni ratio (Fig. 3) , which is consistent with the opposite trends of variations in the a and c unit-cell parameters with Fe/Ni (Supplemental 1 Table S4 ). The obtained density values coincide well with the reference data reported for synthetic Fe 2 P, Ni 2 P, and (Fe 1.00 Ni 1.00 ) Σ2.00 P (Fruchart et al. 1969) . Four terrestrial Mo-bearing barringerite-transjordanite members (Table 1) demonstrate an expected systematic increase of calculated density relative to Mo-free Fe 2 P-Ni 2 P solid solutions (Supplemental 1 Table S4 , Fig. 3) . In spite of a decreased accuracy of unit-cell parameters reported for barringerite from the Ollague pallasite (Buseck 1969) , its density also well fits to the general compositional trend.
Qualitative testing of magnetic properties of barringeritetransjordanite grains under ambient conditions showed that they are non-ferromagnetic. This observation is consistent with the previously reported results for synthetic Fe 2 P-Ni 2 P solid solutions, which exhibit the maximum value of the Curie point at 342 K (69 °C) and 0.16 Ni atoms per formula unit (apfu), with an abrupt decrease of ferro-to paramagnetic transition temperature upon departure from this point (Fruchart et al. 1969; Fujii et al. 1978 ).
cheMical coMpoSitioN

Hatrurim Formation
EDX screening of more than 200 phosphide-bearing assemblages from both Israel and West Jordan showed that there exists a complete series of natural solid solutions between the Fe 2 P (barringerite) and Ni 2 P (transjordanite) end-members (Fig. 4 ). An important characteristic of these minerals is their intragrain compositional homogeneity-we did never observe chemical zoning across the dozens of studied grains. At the same time, several neighboring grains within an area of 5 × 5 mm 2 may differ in grain-to-grain composition from 0.07 to 1.97 Ni apfu. A peculiar feature of terrestrial barringerite-transjordanite minerals is that they frequently contain noticeable amounts of Mo (up to 3 wt%) ( Fig. 4, Table 1 ). Chromium and vanadium that were sporadically detected in barringerite (Britvin et al. 2017b ) have never been encountered in transjordanite. The Co content in transjordanite is generally insignificant and sometimes falls beyond the detection limit of wavelength-dispersive X-ray (WDX) analysis (less than ~0.05 wt%) ( Table 1) . The maximum Co content of ~0.7 wt% was so far encountered in a transjordanite grain with a composition approaching the Ni 2 P end-member (Table 1, Fig. 1 ). For the crystal-chemical study, an array of 12 grains was selected, with the compositions having sufficiently uniform distribution along the join Fe 2 P-Ni 2 P (Table 1 ). The holotype specimen of transjordanite from West figure 3. Calculated density plot for the minerals related to barringerite-transjordanite series. Black circles correspond to analyses of terrestrial Mo-free phosphides from the Hatrurim Formation. Red circles denote Mo-bearing compositions (Table 1 and Supplemental 1 Table S4 ). Blue circles indicate (1) reference values for synthetic Fe 2 P, Ni 2 P, and FeNiP (Fruchart et al. 1969) , average density of the mineral from the Cambria octahedrite (this work), and density of holotype barringerite from the Ollague pallasite (Buseck 1969 Jordan corresponding to (Ni 1.72 Fe 0.27 ) Σ1.99 P 1.02 (analysis T03 in Table 1 ) was also included in this selection.
The Cambria meteorite
Barringerite-transjordanite aggregates that replaced schreibersite in the Cambria octahedrite exhibit strong compositional zoning. The outer zones of contact with troilite are composed of transjordanite (max. Ni = 1.52 apfu), whereas the inner shells adjoining schreibersite are represented by barringerite (max. Fe = 1.58 apfu), with a steep compositional gradient in between ( Figs. 2d and 3 , Table 2 ). The average rim composition determined from several areas corresponds to (Fe 1.18 Ni 0.81 Co 0.01 ) Σ2.00 (P 0.99 S 0.01 ) Σ1.00 -the formula that is remarkably close to (Fe 1.14 Ni 0.83 Co 0.01 ) Σ1.98 P Σ1.02 of holotype barringerite from the Ollague pallasite (Buseck 1969) . Meanwhile, the composition of schreibersite, (Fe,Ni) 3 P, which is a primary mineral relative to transjordanite-barringerite in Cambria (Fig. 2) , is uniform from grain to grain. Schreibersite from Cambria has the atomic ratio Ni/(ΣFeNiCo) = 0.27 (Table 2) , which is substantially different from that of schreibersite from Ollague having Ni/(ΣFeNiCo) = 0.36 (Buseck 1969) . Almost all analyses of transjordanitebarringerite aggregates from Cambria show some contents of sulfur ( Figs. 2d and 4 ; Table 2 ). In this respect, they resemble sulfur-bearing Fe 2 P-Ni 2 P minerals from CM2 carbonaceous chondrites (Nazarov et al. 2009 ).
powder X-ray diffractioN aNd cryStal
Structure PXRD analysis aimed at determining the unit-cell parameters (Supplemental 1 Table S4 ) was carried out on 12 grains of terrestrial transjordanite-barringerite whose chemical compositions are given in Table 1 . Full PXRD data for a powdered sample of holotype transjordanite (analysis T03 in Table 1 ) and the Gandolfi data for transjordanite having the maximum Ni content (analysis H01) are given in Supplemental 1 Table S2 . PXRD pattern of the mineral from the Cambria meteorite (Supplemental 1 Table  S2 ) was obtained from an averaged powder sample comprising a continuous series of Fe 2 P-Ni 2 P solid solutions (cf. Fig. 4) . Despite that the XRD pattern of this sample yields averaged values of d-spacings, it can unambiguously be indexed in a hexagonal (barringerite) setting, confirming the relation to the barringerite structure type. Figure 5 shows the plots describing the dependence between unit-cell parameters of terrestrial transjordanite-barringerite minerals and their Ni content. Both a and c parameter curves exhibit complex, S-shaped dependencies that strongly violate Vegard's law (Zen 1956; Denton and Ashcroft 1991) . At the same time, these profiles are consistent with the data by Fruchart et al. (1969) for the synthetic Ni 2 P-Fe 2 P compounds compositionally equilibrated at 850-900 °C (the blue plots in Fig. 5 ). The comparison of both data sets shows that the unit-cell parameters of the minerals are equal to or larger than the corresponding values of their synthetic analogs. The latter shows a perfect M 2 P stoichiometry of examined minerals because deviations from the ideal M 2 P composition (caused by vacancies on the metal sites) would result in a significant (up to 0.1 Å) decrease of unit-cell parameters (Carlsson et al. 1973 ).
Vegard's law (Zen 1956; Denton and Ashcroft 1991) postulates a linear change of unit-cell parameters across a given series of solid solutions, provided that the substituting elements randomly occupy the permitted positions in the structure. Strong deviations from Vegard's law indicate a selective incorporation of the substituting atom into preferred structural positions, as it can be exemplified by the schreibersite-nickelphosphide series, Fe 3 P-Ni 3 P (Skála and Císařová 2005) . The crystal structure of transjordanite (Fe 2 P structure type, Table 4 ) bears two independent metal sites. The metal atom at M(1) position is coordinated by four P atoms forming a distorted tetrahedron [MP 4 ] (Fig. 6) . The metal occupying M(2) site is bonded to five P atoms in [MP 5 ] square-pyramidal coordination ( Table 3 ). The whole structure can be expressed as an interleaved sequence of two types of infinite rods propagating along the c axis (Fig. 6 ). The first rod type is composed of corner-sharing [M(1)P 4 ] tetrahedra alternating with the empty square pyramids [oP 5 ]. The next type of rods is built up of edge-sharing [M(2)P 5 ] square pyramids alternating with the empty tetrahedra [oP 4 ]. The rods are arranged into a framework via common P-P edges of adjacent metal-phosphorus polyhedra. figure 5. Change of unit-cell parameters of terrestrial barringeritetransjordanite minerals along the join Fe 2 P-Ni 2 P. The circles correspond to a parameter; the squares denote c parameter. The black symbols represent Mo-free minerals; the red ones mark Mo-bearing compositions. The blue graphs trace the reference data for the synthetic Fe 2 P-Ni 2 P solid solutions (Fruchart et al. 1969) . The input analytical data are given in Table 1 and Supplemental 1 Table S4 . (Color online.) The combination of two metal-centered and two empty polyhedra can be expressed as a rhombohedral supercell outlined in Figure 6b (Fruchart et al. 1969) . A study of Fe/Ni distribution between M(1) and M(2) sites by means of Mössbauer spectroscopy (Maeda and Takashima 1973) revealed unusual behavior of the substituting metal atoms: the substituent (either Fe into Ni 2 P or Ni into Fe 2 P) begins to incorporate exclusively into M(1) (tetrahedral) site until reaching a limit of about 30 mol% (0.6 apfu). Then the substitution continues almost randomly into M(1) and M(2) sites. Such a behavior readily explains the observed S-shaped profile of cell parameters vs. composition dependence plots (Sénateur et al. 1977) . The knowledge of Fe/Ni substitution behavior allowed selection of a proper approach to refinement of site occupancies in the crystal structure of natural transjordanite. Upon testing a free refinement of M(1) and M(2) site occupancies, the crystal structure of holotype transjordanite was finally refined with Fe being entirely incorporated into M(1) position (Table 4 ). The refined M(1) site occupancy was found to be (Ni 0.86 Fe 0.14 ), in an excellent agreement with the formula (Ni 1.72 Fe 0.27 ) Σ1.99 P 1.02 derived from electron microprobe data.
origiN of the BarriNgerite-traNSjordaNite
MiNeralS
Hatrurim Formation
The intragrain homogeneity of terrestrial barringerite-transjordanite, their perfect M 2 P stoichiometry and Fe/Ni ordering suggest that these minerals were annealed in the solid state at the temperatures permitting Fe/Ni diffusion processes. Based on the experiments on synthetic Fe 2 P-Ni 2 P system, one can suggest that the annealing temperature was not lower than 850-900 °C (Fruchart et al. 1969) . Fe 2 P and Ni 2 P melt congruently at 1370 and 1105 °C, respectively (Okamoto 1990; Schmetterer et al. 2009 ), hence phosphide crystallization and metal ordering could occur in the range between 850 and 1370 °C, i.e., either in the melted or solidified paralava (Vapnik et al. 2007 ). Phosphides could be equally formed by reduction of merrillite-type phosphates found in the same assemblages (Fig. 1, Supplemental 1 Table  S1 ) or by gas-phase transport reactions involving phosphine and volatile metal-carbonyl complexes (Britvin et al. 2015) . The latter mechanism can also be applied for an explanation of high Ni and Mo content confined to phosphide minerals (Table 1, Fig. 4 ).
Meteoritic occurrences
Contrary to terrestrial mineral series, barringerite-transjordanite assemblages in Cambria exhibit strong chemical heterogeneity. At the same time, the adjacent relict schreibersite grains have uniform composition (Table 2, Figs. 2c and 2d ). Various scenarios can be proposed for an explanation of the emergence of the observed assemblages. The most straightforward one relies upon post-formational thermal history of both Ollague and Cambria meteorites. The Ollague pallasite was shown to be an artificially reheated fragment of the Imilac meteorite. It was suggested that barringerite in Ollague might represent a product of reaction between schreibersite and troilite during the annealing process (Buchwald 1976) . Although Cambria did not undergo artificial treatment, it was severely ablated during penetration of the Earth's atmosphere (Buchwald 1975) . Troilite nodules in Cambria are confined to a peripheral zone of the meteorite, and they were heavily annealed during ablation process (Buchwald 1975) . In that case, the emergence of barringerite-transjordanite rims in Cambria could be explained by natural thermal annealing. However, the replacement of M 3 P phosphide (schreibersite) by M 2 P one (barringerite-transjordanite) would require an infusion of phosphorus into the system or removal of the metal from there. Therefore, taking into account short annealing time, the question persists concerning a chemical balance budget in the closed system.
The second possible scenario implies the formation of barringerite-transjordanite rims by replacement (or overgrowth) of schreibersite at a temperature below "freezing" of diffusion processes in the Fe-Ni-P system, i.e., below 300 °C (Romig and Goldstein 1980) . This could be accomplished after the completion of nebular condensation of schreibersite (Lodders 2003) , but prior to the accretion of troilite nodules, according to a scheme: 2(Fe,Ni) 3 P (solid) + P (vapor) → 3(Fe,Ni) 2 P (solid). figure 6. Crystal structure of transjordanite (structure type Fe 2 P). (a) Projection onto (0001). (b) Projection close to (1121). A framework built up of two types of infinite rods propagating along the c axis. The type 1 rods are composed of corner-sharing [M(1)P 4 ] tetrahedra (green), and the type 2 rods are represented by edge-sharing square pyramids [M(2)P 5 ] (yellow). (Color online.) American Mineralogist, vol. 105, 2020 This hypothesis places phosphide assemblages of Cambria and pallasites (Buseck 1969; Zucchini et al. 2018) inline with the phosphides of carbonaceous chondrites (Gounelle et al. 2003; Nazarov et al. 2009 ). A substantial argument supporting this point of view is noticeable sulfur content encountered in M 2 P phosphides from Cambria (Table 2, Fig. 4 ) and CM2 chondrites (Nazarov et al. 2009 ).
One more hypothesis that is among those introduced by Buseck (1969) implies that barringerite in the Ollague pallasite (and thus in Cambria as well) can be a product of terrestrial weathering of schreibersite. This assumption is supported by the widespread industrial use of electroless Ni phosphides deposition in an aquatic environment (Sudagar et al. 2013 ) and by finding natural schreibersite formed at the deep-sea conditions (Borodaev et al. 1982) . This interesting point of view readily explains the enrichment of barringerite-transjordanite in Ni, relative to schreibersite. In the meteorites, the M 3 P → M 2 P replacement process would be accompanied by partial oxidation of phosphidic Fe to Fe 3+ . The latter would precipitate in the form of iron hydroxides along the troilite-phosphide interfaces (Fig. 2) . Such a process would be of great importance for elucidation of prebiotic phosphorylation pathways (Pasek et al. 2017; Kitadai and Maruyama 2018) . It is not clear, however, why such a replacement has never been encountered among weathered troilite-schreibersite assemblages, which are ubiquitous in iron and stony-iron meteorites (Buchwald 1975 ).
iMplicatioNS
The importance of studying natural Fe 2 P-Ni 2 P solid solutions lies in their relation to the Fe-Ni-P system that, along with the Fe-Ni-S and Fe-Ni-C ternaries, belongs to the most significant reduced cosmochemical systems. The knowledge of phase relations and compositional variations of Fe-Ni phosphide minerals has a broad range of implications, including the origin of the solar system, composition of deep planetary interiors, meteoritics, terrestrial processes in super-reduced environments, and processes of prebiotic phosphorylation occurred on the early Earth.
ackNowledgMeNtS
